BACKGROUND: Accurate gestational age estimation is extremely important for clinical care decisions of the newborn as well as for perinatal health research. Although prenatal ultrasound dating is one of the most accurate methods for estimating gestational age, it is not feasible in all settings. Identifying novel and accurate methods for gestational age estimation at birth is important, particularly for surveillance of preterm birth rates in areas without routine ultrasound dating. OBJECTIVE: We hypothesized that metabolic and endocrine markers captured by routine newborn screening could improve gestational age estimation in the absence of prenatal ultrasound technology. STUDY DESIGN: This is a retrospective analysis of 230,013 newborn metabolic screening records collected by the Iowa Newborn Screening Program between 2004 and 2009. The data were randomly split into a model-building dataset (n ¼ 153,342) and a model-testing dataset (n ¼ 76,671). We performed multiple linear regression modeling with gestational age, in weeks, as the outcome measure. We examined 44 metabolites, including biomarkers of amino acid and fatty acid metabolism, thyroid-stimulating hormone, and 17-hydroxyprogesterone. The coefficient of determination (R 2 ) and the root-mean-square error were used to evaluate models in the model-building dataset that were then tested in the model-testing dataset. RESULTS: The newborn metabolic regression model consisted of 88 parameters, including the intercept, 37 metabolite measures, 29 squared metabolite measures, and 21 cubed metabolite measures. This model explained 52.8% of the variation in gestational age in the model-testing
ccurate estimation of gestational age is important for perinatal care and research. Clinically, predicting gestational age during pregnancy is important for determining the treatment and management of pregnancies that may end in preterm birth (<37 weeks' completed gestation). Preterm birth is the leading cause of child death, ahead of infectious disease, worldwide with the greatest rates in low-resource regions such as West Africa. 1 Population estimates of gestational age are extremely important for determining the burden of preterm birth and small-for-gestational age, particularly in low-resource settings. 1 Accurate gestational age estimates are necessary for identifying the causes and risk factors for preterm birth and small-for-gestational age as well as evaluating interventions that may be used to prevent these conditions in the future. Identifying areas with greaterthan-average preterm and small-forgestational age rates can aid health professionals in targeting interventions where they would have the largest impact.
There are several methods commonly used for estimating gestational age during pregnancy. One such method, ultrasound dating, is based on estimating gestational age by measuring the size of the fetus in early pregnancy. Another commonly used method, particularly in areas without access to ultrasound technologies, is estimating gestational length based on a woman's last menstrual period. Last menstrual period often is inferior to ultrasound dating, because it relies on a woman remembering the date of her last menstrual cycle. [2] [3] [4] Although ultrasound dating is becoming increasingly common in the United States, it is not currently practical in most developing regions of the world or for women receiving little or no prenatal care. Gestational age dating by fetal ultrasound also is not robust for neonates who are small or large for their gestational age. 5, 6 For underdeveloped areas in which women do not have access to prenatal care, gestational age can be estimated after birth. Dubowitz or Ballard examinations estimate gestational age by the use of standardized scoring systems based on physical and neuromuscular characteristics of the newborn infant. 7, 8 Gestational age estimates based on either the Dubowitz or Ballard criteria are less precise than obstetric Original Research ajog.org estimates. 9, 10 In fact, neonatal-derived gestational age estimates most often overestimate the number of infants born less than 40 weeks' gestation while underestimating the number of infants born at or greater than 40 weeks' gestation. 9, 10 Birthweight also can be used to estimate gestational age but is limited in the same way as neonatal examinations and is not robust in small-or large-forgestational age infants.
11
Gestational age is correlated strongly with many developmental and metabolic processes and is a strong predictor of neonatal outcome. 12 Several studies have demonstrated altered maternal and cord blood amino acid and fatty acid metabolites in pregnancies that end in preterm birth or the birth of a low birthweight or small for gestational age neonate. [13] [14] [15] In addition, there are distinct urinary metabolic patterns in preterm neonates compared with their term counterparts. 16 We and others have shown that metabolites related to amino acid and fatty acid metabolism measured 24À72 hours after birth are vastly different among very preterm (<32 weeks), moderately preterm (32À36), and term (!37 weeks) neonates. 17, 18 Newborn metabolic screening via the use of tandem mass spectrometry has long been recognized as a critical public health initiative to identify mostly treatable but individually rare inborn errors of metabolism. 19 Newborn metabolic screening captures data from a variety of biomarkers, including amino acids, free carnitine, and acylcarnitines. We hypothesized that metabolic and endocrine markers captured by routine neonatal screening could improve gestational age estimation in the absence of prenatal ultrasound technology. This technique would have practical application for surveillance of preterm birth at a population level when prenatal care is limited. 20 At the time of neonatal screening, the health care provider records the gestational age in weeks, the sex of the infant, current weight in grams, if the infant is currently on total parenteral nutrition, and age of the newborn in hours. This information is included with each newborn screening specimen. Data such as delivery mode or maternal characteristics were not available. The method of gestational dating, ie, last menstrual period or fetal ultrasound, is provider dependent and is not distinguished on the newborn screen record. All specimens were analyzed as part of the Iowa Newborn Screening Program by the State Hygienic Laboratory in Ankeny, Iowa. Screening procedures in Iowa are based on previously established methodology.
Materials and Methods

Study population
18,19
The State Hygienic Laboratory identified multiple gestations by examining birth date, gestational age, mother's first name, and facility identification number. The data were deidentified by the State Hygienic Laboratory and provided for use in this study. Approval for use of the deidentified data was obtained from the Iowa Department of Public Health and a waiver of consent from the Institutional Review Board at the University of Iowa (IRB#200908793).
Only initial newborn screening specimens, not repeats, were included in the analysis. We excluded screening records with missing gestational age data (n ¼ 5749) or those with a recorded gestational age day outside the range of 20À45 completed weeks (n ¼ 108). Records for specimens that were rejected by the screening laboratory as being of poor quality (n ¼ 2445) were excluded from analysis. The remaining dataset consisted of 230,013 neonatal metabolic screening records. To determine the final performance of the predictive model, the data were randomly split into a modelbuilding dataset (n ¼ 153,342) and a model-testing dataset (n ¼ 76,671). The predictive model was created using the model-building dataset and the performance of this model was then evaluated in the model-testing dataset.
Statistical analysis
Univariate analysis was performed with each metabolite and gestational age. Linearity between gestational age and single metabolite levels was inspected visually by plots of the residuals vs the predicted values. To address nonlinearity between each metabolite and gestational age, squared terms and then the cubed terms were included for each model. We performed multiple linear regression modeling with gestational age, in weeks, as the outcome measure, using metabolites that were significant in the univariate analysis. The regression was estimated by the use of ordinary least squares. In the model-building dataset, all metabolites significant at P <.01 from the univariate models were included in the initial model, and significant terms (P < .05) were retained for subsequent modeling. Squared and cubed terms of significant metabolites were included successively in the model after which nonsignificant (P > .05) terms were removed. Cubic terms were examined only when squared terms were significant.
Next, within the model-building dataset, we determined whether the final selected model was robust in the presence of covariates that could affect the prediction of gestational age by the metabolic panel. These covariates included the child's sex, age at time of sample collection (in hours, month, and year of sample collection), neonatal weight at time of screening in grams, weight for gestational age categorized as small-for-gestational age (<10th percentile for each gestational age week), large-for-gestational age (>90th percentile for each gestational age week), and average-for-gestational age and multiple gestation. and age at time of screening as well as gestational age with weight. To address nonlinearity between age and weight with gestational age, squared terms and then the cubed terms were included for each model.
We performed a sensitivity analysis excluding newborns identified as potentially affected with an endocrine disorder or inborn error of metabolism, ie, one or more metabolite levels exceeded the threshold considered within the normal range for a healthy newborn. Statistical outliers also were evaluated with studentized residuals by excluding those observations with residuals less than À1.96 and greater than 1.96. The coefficient of determination (R 2 ) and the root-mean-square error (RMSE) are presented for each regression model. All analyses were performed in STATA version 12.0 (College Station, TX).
The final model was used to predict gestational age in the model-testing dataset (n ¼ 76,671). The coefficient of determination (R 2 ) and the RMSE are presented for the entire model-testing dataset as well as stratified by sex and weight for gestational age. Sensitivity and specificity were calculated by À2.9Â10 ajog.org
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gestational age cut-points (in weeks) for prediction of preterm birth less than <37 weeks' gestation compared with term birth (!37 weeks). Because birthweight can also predict gestational age, we evaluated the sensitivity and specificity with each preterm birth outcome in a model that included only infant weight and its squared and cubed terms. Next, we evaluated the sensitivity and specificity of each preterm birth outcome using a model that contained the final set of metabolites plus weight and their subsequent squared and cubed terms to examine the extent to which adding weight improves prediction over that based on the metabolites alone.
Results
General characteristics of the population and the newborn metabolic model
Gestational age distributions were comparable in both the model-building and model-testing datasets, with 8.9% of the total population being born preterm (<37 weeks) (Supplementary Table 2 ). Distributions of neonatal weight, smalland large-for-gestational age, sex, total parenteral nutrition, and age at time of screening were similar in both the model-building and model-testing datasets (Supplementary Table 2 ). All univariate analyses between each metabolite (including the squared and cubed terms) with gestational age were significant at P < .01 (data not shown 
Model performance in modelbuilding dataset
The newborn metabolic model explained 53.1% of the variation in gestational age in the model-building dataset. The average difference between gestational ages predicted by the newborn metabolic model and the recorded gestational age was 1.3 weeks ( Table 2 ). The prediction of gestational age by the use of the newborn metabolic model was robust to inclusion of covariates. Specifically, including month and year of sample collection, multiple gestations, infant age at time of sample collection in hours, infant sex, and weight for gestational age did not improve the prediction of gestational age. Each of these covariates alone, explained very little of the variation in gestational age (R 2 < 5%; RMSE w 1.9 weeks). Sensitivity analyses demonstrate that gestational age estimated by the newborn metabolic model was not impacted by exclusion of newborns with potential endocrine disorders or inborn errors of metabolism, newborns receiving total parenteral nutrition or multiple gestations ( Table 2 ). The removal of statistical outliers unsurprisingly improved model performance (R 2 ¼ 55.4; RMSE ¼ 1.1); however, there was no reason to suspect that the metabolite values of these individuals were not true values and we chose not to remove these individuals from further analyses.
Comparison of the newborn metabolic model to including only neonatal weight in the modelbuilding dataset
In the model-building dataset, neonatal weight alone explained 54.5% of the variation in gestational age. The average 
Comparison of the newborn metabolic model to including only neonatal weight in the modeltesting dataset
In the model-testing dataset neonatal weight alone explained 54.6% of the variation in gestational age. The average difference between gestational ages predicted by neonatal weight alone and the recorded gestational age was 1.3 weeks. Similar to the findings in the modelbuilding dataset, including neonatal weight in the newborn metabolic model improved the difference between the predicted gestational ages and recorded gestational age by 0.2 weeks in the model-testing dataset. The model including neonatal weight with the newborn metabolic model explained 
Performance of the newborn metabolic model in neonates born very preterm or small-forgestational age
The newborn metabolic model underestimated very preterm birth (<32 weeks) compared with the model including only neonatal weight (Table 3 ). There was no increased ability to discriminate between very preterm birth (<32 weeks) and all other births (!32 weeks) using the newborn metabolic model over the model including only neonatal weight (Table 3 and Supplementary Figure) .
The most evident difference in model performance was in small-and large-forgestational age neonates. The average difference between gestational ages predicted by the newborn metabolic model and the reported gestational age was 1.5 weeks compared with the model with only neonatal weight (RMSE ¼ 1.9 weeks). In large-for-gestational age neonates, the average difference between gestational ages predicted by the newborn metabolic model and the reported gestational age was 1.4 weeks, an improvement over the model with only neonatal weight (RMSE ¼ 1.8 weeks) . Improvement over the model including only neonatal weight also was observed when we examined the predicted prevalence of preterm birth in the subset of small-for-gestational age neonates ( Table 4) . The model including only neonatal weight overestimated the prevalence of very preterm birth (<32 weeks) by over twice that of the actual prevalence (3.45% vs 1.61%, respectively), whereas the newborn metabolic model only marginally underestimated the prevalence of very preterm birth compared with the actual prevalence (1.00% vs 1.61%, respectively). For preterm birth <37 weeks' gestation, the model including only neonatal weight estimated the prevalence at 18.79% in small-for-gestational age neonates, over twice that of the actual prevalence of 9.20%. Again the newborn metabolic model underestimated preterm birth but was closer to the true prevalence at 6.94% than the models including only neonatal weight (Table 4) .
Comment
Primary findings of the study
Our primary findings were as follows: (1) The newborn metabolic profile, as Original Research OBSTETRICS ajog.org detected by routine newborn screening, can accurately predict gestational age to the same degree and slightly better than neonatal weight alone; (2) the newborn metabolic model predicts gestational age to a better degree than neonatal weight alone in small and large for gestational age neonates; (3) newborn screening measurements can be used for population surveillance of preterm birth rates in the absence of prenatal ultrasound measurements; and (4) models including both the metabolites and neonatal weight provide the best prediction of gestational age.
Significance of gestational age estimation at birth
Medical care and treatment of preterm neonates is of critical public health importance. Globally, approximately 15 million babies are born preterm (<37 weeks' gestation) and 1.1 million deaths are attributable to preterm birth.
11,21
Preterm birth remains one of the single greatest contributors to infant mortality in the United States 22 and to disabilityadjusted life years worldwide. 23 Approximately, 60% of all preterm births occur in low-resource settings, including Africa and South Asia.
11 Accurate gestational age estimation is not only important for clinical decisions regarding the management and treatment of specific pregnancies but also for identifying areas with particularly high rates of preterm birth. We present a novel method for estimating gestational age based on the metabolic profile of the newborn that offers improvement over prediction using neonatal weight alone.
Newborn metabolic profiles, gestational age, and fetal growth
Previous studies by our group have identified TSH, 17-OHP, amino acids, and acylcarnitines as potentially important markers of gestational age. 18 Other studies have shown similar results in maternal blood, cord blood, and neonatal urine. [13] [14] [15] [16] Differences in these metabolites by gestational age often are attributed to fetal sickness, stress, and immaturity of kidney, adrenal gland, and liver function. Additionally, because of their unique anatomy (large surface to volume ratio and large head to body ratio) and physiology (hepatic immaturity), premature neonates often have disrupted glucose homeostasis and may require glucose infusion early in life to prevent hypoglycemia. 24 A disruption in glucose homeostasis can lead to an increase in amino acids and acylcarnitines that are important intermediates in beta oxidation and the Kreb's cycle such as the metabolites measured as part of newborn screening.
Neonatal metabolism, as represented by newborn screening measurements, is a function of not only gestational age but growth in utero. 25, 26 This point is further supported by the ability of the metabolite markers to predict 37.3% of the variation in weight in the model-testing dataset. Additionally, the newborn metabolic model outperforms neonatal weight alone in predicting gestational age, particularly in small-for-gestational age neonates.
Clinical significance of gestational age dating at birth
Neonatal metabolism is a function of not only in utero growth but also maternal metabolism reflected by the transfer of nutrients from the mother to the child via the placenta. 25 Therefore, studies examining these specific biomarkers throughout pregnancy could provide insights into preterm birth etiology as well as better methods of gestational age dating, particularly in small or large for gestational fetuses. Determining gestational age postbirth is important for differentiating neonates who are preterm from those who are small-for-gestational age. The distinction between infants born preterm and average-for-gestational age, infants born preterm and small-forgestational age, and term infants born small-for-gestational age is important because the morbidity and mortality risks differ between these groups.
27À31 Metabolic profiling at birth is unlikely to provide immediate information for clinical decision making; however, for long-term follow-up, it may be important to distinguish accurately between the smallfor-gestational age infant and the preterm, average-for-gestational age infant.
Newborn metabolic profiles and accurate estimation of preterm birth rates
Reporting of gestational age on the US Standard Certificate of Live Birth has ajog.org
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been based primarily on last menstrual period and often is used to report national rates of preterm birth. 32 In 2014, however, the obstetric estimate will replace last menstrual period as the primary standard for reporting gestational age. 32 The obstetric estimate is defined as the best estimate of the infant's gestation in completed weeks and is based on all available information, including last menstrual period and fetal ultrasound measurements. Comparisons in reporting methods demonstrate a 2% reduction in the preterm birth rate when obstetric estimate is reported instead of last menstrual period. 32 When the newborn metabolic model was used, our estimated preterm birth rate was about 3% less than the rate calculated based on the recorded gestational age, which was based on a mixture of gestational ages solely reported by last menstrual period and some reported by obstetric estimate. Further studies are needed that directly compare the metabolic model to the gestational age obtained by early ultrasound dating to accurately assess the validity of this method in estimating preterm birth.
Newborn metabolic profiles and global surveillance of preterm birth
Global surveillance of preterm birth is important for improving intervention programs by targeting them to areas with the greatest rates of preterm birth. Our method of gestational age prediction based on newborn screening metabolites provides several important insights and implications for preterm birth surveillance. Estimating gestational age in lowresource areas is hampered by lack of prenatal care services and ultrasound dating. 11 Measuring these metabolites from a dried blood spot specimen offers several advantages beyond gestational age dating alone. Newborn metabolic screening using tandem mass spectrometry has long been recognized as a critical public health initiative to identify often rare conditions that if detected early enough can be treated to avoid serious morbidity or death. 19 Although in low-resource settings it is unlikely that the infrastructure could be easily established to ensure timely detection and treatment of these conditions, data are severely lacking on the incidence of these conditions in regions of the world including Sub-Saharan Africa. 33 Understanding the incidence of these conditions around the world would aid in developing targeted screening tests that may be more readily incorporated in low-resource settings than tandem mass spectrometry.
Strengths and limitations of our study
Our study was strengthened by the large sample size and the ability to validate our model in a subset of the data. Although our method generalizes to the population of Iowa, which is primarily white, validating in other populations, including low-resource countries such as Africa will be important. Our analysis of newborn screening records was retrospective and did not include evaluation of the birth certificate or medical record; therefore, we are limited to the gestational age and selected characteristics provided to the newborn screening program, such as weight, sex, and age at time of newborn screening. In addition, the gestational age was provided by the health care provider, and it was unknown whether this was based on last menstrual period, fetal ultrasound, or a combination of both. Previously, however, we have examined newborn screening data linked to medical record data for 523 preterm newborns 34, 35 and found that gestational age by best obstetric estimate was highly correlated with the gestational age reported on the newborn screening card (rho¼0.988) (data not shown). In fact, 98% of the records matched within 1 gestational age week to the best obstetric estimate (ie, prenatal ultrasound or last menstrual period in the absence of prenatal ultrasound) with 86% being an exact match. Similar concordance was true for weight at time of newborn screening, which was strongly correlated (rho¼0.990) to birthweight. Approximately, 99% of newborn screening records reported weight within 500 g (w1 pound) of the birthweight and 86% were within 100 g (w0.2 pounds) of birthweight. In addition, we were limited to the metabolites provided on the newborn screening panel. There are additional measures such as glucose and T-cell receptor excision circle analysis that are currently being added to routine screening panels across the United States and are also shown to correlate strongly with gestational age. 36 
Conclusion
Our novel method of estimating gestational age at birth using the newborn metabolic profile, derived from markers routinely captured by newborn screening, provides more information than neonatal weight alone, particularly in small-for-gestational age infants. Our method, however, still underestimates preterm birth prevalence, particularly very preterm birth. Therefore, it is important to examine the utility of our model with other methods of gestational age estimation at birth including Ballard and Dubowitz scoring systems as well as emerging technologies such as retinal and lens vessel scans. Establishing methods of gestational age dating at birth using metabolic profiling could also have substantial benefits for improving infant and child health that extend beyond the estimation of gestational age alone. n
SUPPLEMENTARY FIGURE
Receiver operator curves of metabolic and weight models for identifying those born preterm (<32 completed weeks) vs all others ( ‡32 completed weeks) 
